The class I major histocompatibility complex genes are composed of classical and nonclassical genes, the latter being largely nonfunctional.
Introduction
The major histocompatibility complex (MHC) genes in vertebrates offer a number of intriguing questions to the evolutionary biologist. One such question concerns the relationships among member genes of a multigene family. In the present paper, we address this question for the class I MHC gene family. On the basis of degree of gene expression, class I genes can be divided into three groups: ( 1) the classical class I genes, which are expressed on all nucleated somatic cells, (2) the nonclassical class I genes, which have a more limited expression and are found principally on certain immune system cells, and (3) nonexpressed pseudogenes (Klein 1986, pp. 127-129; Klein and Figueroa 1986; Mellor 1987) . Classical class I genes are further distinguished from nonclassical genes in that the former are highly polymorphic whereas the latter are essentially monomorphic (Tewarson et al. 1983; Klein and Figueroa 1986) and in that classical genes can present foreign antigens to cytotoxic T-cells whereas the latter cannot (Howard 1987) . A major unsolved question regarding the class I MHC concerns the evolutionary relationship between classical and nonclassical genes and the origin of the nonclassical genes. Rogers ( 198%) presented evidence, from hybridization with labeled DNA probes, that distantly related mammalian species generally do not possess orthologous nonclassical genes. In the case of the rat and mouse [which diverged b 10 Myr ago ( Mya)], the nonclassical genes in each species are more closely related to its classical genes than to the nonclassical genes of the other species. On the other hand, the human and chimpanzee (separated only 5-7 Mya) seem to share at least one nonclassical locus (Lawlor et al. 1988 ). Such results have led to the hypothesis that nonclassical genes have arisen independently in separate lineages as a result of separate unequal crossover events (Rogers 198%; Klein and Figueroa 1986; Howard 1987) . On this hypothesis, one copy of a duplicated classical locus may become nonclassical as a result of mutations which reduce its expression. Once nonclassical genes are produced, they may again be duplicated; but over long periods of evolutionary time, old nonclassical genes eventually degenerate into pseudogenes because of deleterious mutations or are removed from the genome by unequal crossing-over.
Thus it is predicted that distantly related species will share no nonclassical genes, all nonclassical genes having arisen relatively recently.
We study this question by considering three types of data. First, we construct a phylogenetic tree for classical and nonclassical gene sequences from various mammalian species and examine their evolutionary relationships. Phylogenetic trees for the class I MHC genes have previously been constructed by a number of authors (e.g., Klein and Figueroa 1986; Mellor 1987) , but their reliability is low because they were either produced by subjective methods or refer to a small number of genes. Second, we examine the pattern of nucleotide substitution in regions of nonclassical genes which are homologous to regulatory sequences known to be important in regulating the universal expression of classical class I genes. Comparison of these regions between classical and nonclassical genes may provide evidence regarding the hypothesis that nonclassical genes have evolved from classical genes. Third, we examined the rates of synonymous and nonsynonymous (amino acid-altering) nucleotide substitutions in codons of nonclassical genes corresponding to the antigen recognition site (ARS) of classical genes. In classical class I molecules, codons in the ARS are known to show a higher rate of nonsynonymous substitution than of synonymous substitution because of adaptive evolution (Hughes and Nei 1988) . If nonclassical genes do not have a function similar to that of classical genes, this relationship would not be observed.
DNA Sequences Used
Classical class I molecules consist of three extracellular domains (al, cr2, and a3), a transmembrane portion, and a cytoplasmic tail. Typically, the al domain contains 90 amino acid residues, a2 contains 92 residues, a3 contains 92 residues, the transmembrane portion contains 39 or 40 residues, and the cytoplasmic tail contains 25-35 residues. The ARS consists of 57 residues, all located in al and a2 (Bjorkman et al. 1987a (Bjorkman et al. , 1987b ). The a3 domain, which is highly conserved, associates in vivo with P2-microglobulin.
The protein is encoded by seven or eight exons. The first of Mellor et al. ( 1984) ; Chen et al. ( 1985) ; Devlin et al. ( 1985); Fisher et al. (1985) ; Morita et al. (1985) ; Obata et al. (1985); Taylor Sher et al. (1985) ; Schepart et al. (1986) ; Transy et al. (1987) ; Watts et al. (1987) ; Robinson et al. (1988) ; Singer et al. (1988) ; Widmark et al. (1988 ). b Reference: McGuire et al. ( 1986 . ' References: Malissen et al. (1982) ; Sodoyer et al. (1984) ; Strachan et al. (1984); Holmes and Parham ( 1985) ; Koller and Orr ( 1985) ; N'Guyen et al. ( 1985) ; Ways et al. ( 1985); Kottman et al. (1986) ; Szots et al. (1986) ; Cowan et al. (1987); Geraghty et al. (1987) ; Gussow et al. (1987) ; Koller et al. (1988); Mizuno et al. (1988); Zemmour et al. (1988 ). d Reference: Tykocinski et al. (1984 . ' References: Satz et al. (1985) ; Ehrlich et al. (1987) . f Reference: Ennis et al. (1988) . g Reference: Guillemot et al. (1988). these encodes the leader peptide; exons 2,3, and 4 encode al, a2, and a3, respectively; exon 5 encodes the transmembrane portion; and exons 6-8 encode the cytoplasmic tail. Nonclassical class I genes have a similar organization, and nonclassical class I proteins have the same three extracellular domains. However, in a number of nonclassical genes, the transmembrane portion and cytoplasmic tail are shortened in comparison with those of classical genes. In the mouse nonclassical genes Q4b and Qsb, the transmembrane portion contains only 3 1 codons; and only the first 2 1 of these can be aligned with other mouse class I sequences. Since exons 1 and 5-8 are not readily aligned in comparisons between distantly related genes and since the latter four exons may be short or absent in nonclassical genes, we used sequences from only exons 2-4 in constructing an evolutionary tree. We collected from the literature 44 DNA sequences for class I MHC genes (26 classical, 15 nonclassical, and 3 supposedly pseudogenes) from six mammalian species, the majority being from the mouse (H-2 complex) and human (HL4 complex) (table  1) . In the mouse, complete maps of the class I MHC genes are available for the H-2 b 562 Hughes and Nei and H-2d haplotypes; there are 26 class I genes in the former haplotype and 33 in the latter ( fig. 1 ; Klein and Figueroa 1986) . The classical class I loci in the mouse are H-2K, -L, and -D. The D locus is present in the H-2d haplotype but not in H-2b or in most other known haplotypes. Alleles traditionally designated D in haplotypes other than H-2d are in fact allelic to the L locus of the H-2d haplotype (Duran et al. 1987; Watts et al. 1987) ; in the present paper we thus designate alleles at this locus as L alleles. There are a number of pseudogene or nonclassical loci in the vicinity of the K (KI ) and D loci. In the H-2d haplotype these include the loci designated K2,02, 03, and 04 ( fig. 1) ; not all of these loci are present in other haplotypes. However, in all mouse haplotypes, the majority of nonclassical genes are located in the Qa (or Q) and TIa regions.
The Qa region includes eight loci in the H-2d haplotype and 10 in the H-2b haplotype, while the TIa region includes 18 genes and two gene fragments in the H-2d haplotype and 13 genes in the H-2b haplotype. Of the Qa genes, published sequences are available for four loci ( Q4, Q7, Q8, and Ql0); two allelic sequences are available for the Q7 locus (table 1). The Tla region is named for the serologically detectable thymus leukemia antigens, which were initially discovered in radiationinduced leukemias in the mouse ) . Our sample includes three genes encoding such antigens; these are probably not allelic to one another but encoded by separate loci. Other genes in the Tla region (e.g., T2Aa, Mbl, and 37d) are only distantly related to those encoding the thymus leukemia antigens. On the basis of hybridization with labeled probes, Rogers ( 1985a) proposed three major families of class I MHC genes. ( 1) Family 1 includes the three classical loci, plus K2, 02, 03, 04, and Qa genes. (2) Family 2 includes the expressed Tla genes plus certain related pseudogenes. ( 3) Family 3 contains certain other genes from the Tla region, such as the T2Aa pseudogene sequenced by Widmark et al. ( 1988) , which are not closely related to the expressed Tla genes. Other studies suggest that at least two other families of mouse class I genes exist in addition to the three identified by Rogers. From the Tla region, Singer et al. ( 1988) have sequenced a nonclassical gene which they call Mbl; they propose that this gene represents a fourth family. The previously sequenced gene H-2-37d, also from the TIa region (Lalanne et al. 1985) ) cannot be placed in any of the other families on the basis of DNA sequence similarity ( Widmark et al. 1988 ).
In the Syrian hamster, it has been difficult to detect polymorphism at class I loci by serological methods (Streilein 1987) . Therefore, it is difficult to distinguish between classical and nonclassical genes in the hamster, but the single sequenced gene Hm1.6 is believed to be nonclassical or a pseudogene ( McGuire et al. 1986 ) .
The human MHC contains some 20 class I genes, but most of these have not been mapped in detail (Trowsdale and Campbell 1988) . In addition to the three classical loci HLA-A, -B, and -C, one nonclassical locus (E) has been mapped. Only a few human nonclassical genes have been sequenced (JTWIS, HLA-E, and HLA-6.0)) and our sample also includes a putative pseudogene sequence (~12.4). The cDNA clone JTWIS represents an allele at the locus given the name HLA-E by Koller et al. (1988) .
In the case of the rabbit, a single classical sequence and a putative pseudogene sequence are available (table 1) . For the pig, there are two sequences from two separate classical loci and one nonclassical sequence. For the bovine, there are two classical sequences; it is uncertain whether these are alleles at the same locus or derived from different loci. The single classical chicken sequence is used as an outgroup in tree making. Our sample contains three genes which have been reported as pseudogenes. Different authors have used different criteria in defining pseudogenes. In the case of the mouse gene 7'2Aa, there is abundant evidence that this is a pseudogene, including both deletion and insertion of single bases in the coding region causing frameshifts, four stop codons in exon 3, and another stop codon in exon 4 ( Widmark et al. 1988 ). Malissen et al. ( 1982) suggest that the human gene ~12.4 is a pseudogene because in amino acid position 164 the cysteine involved in a disulfide bridge has been replaced by phenylalanine.
Furthermore, ~12.4 apparently lacks transcription initiation signals. The rabbit gene Rl4 is considered to be a pseudogene because there is no evidence of translation, although mRNA is produced. Also, one possible initiation codon might lead to production of a peptide only 16 amino acids long (Tykocinski et al. 1984) .
Results

Relationships among Class I Genes
To construct a phylogenetic tree for the 45 genes in table 1, we computed the number of nucleotide substitutions per site (d) in exons 2-4 for all pairs of genes by using Jukes and Cantor's ( 1969) method. From the d values thus obtained, we constructed a tree by using Saitou and Nei's ( 1987) neighbor-joining method ( fig. 2 ). Essentially the same tree was obtained by using the number of synonymous substitutions per site ( ds; Nei and Gojobori 1986) or by using d values obtained from exons 2-4, excluding the 57 codons for the ARS, which are apparently subject to overdominant selection (Hughes and Nei 1988) . Figure 2 shows that in all species a nonclassical gene is more closely related to classical genes of its own species than it is to any other genes of any other species. Mouse nonclassical genes such as Qa and Tla are more closely related to mouse nonclassical or classical genes than they are to any other genes, including human and pig nonclassical genes. Thus the tree supports the hypothesis that nonclassical genes have arisen independently in separate evolutionary lineages.
In the mouse, the tree reveals two major clusters, one containing the classical and Qa genes and 3 7d and the other containing Tla region genes. The T2A a pseudogene and Mb1 cluster with the Tla genes, although in both cases the branches are very long, indicating a high degree of divergence at the nucleotide level. Thus, the tree does not support the hypothesis that T2A a (Rogers 1985a) or Mb1 forms a separate family of mouse class I genes, apart from Tl a. The branch lengths of nonclassical genes and pseudogenes are in general longer in the mouse than in nonrodent mammals. This is consistent with other observations that the rate of nucleotide substitution is higher in rodents than in certain other mammalian orders such as primates (Kohne 1970; Wu and Li 1985) .
The human classical class I genes differ from the mouse classical genes in that each of the three classical loci (A, B, and C) forms a separate cluster. In the mouse, the K, L, and D loci do not form separate clusters ( fig. 2) . That is, the branch points are very close to each other, so that no significant clusters are found among mouse classical genes. It is possible that this lack of differentiation among loci in the mouse is a result of past interlocus genetic exchange in this species ). On the other hand, the results suggest that interlocus genetic exchange must occur rarely, if at all, in humans (also see Lawlor et al. 1988) .
Our tree supports the hypothesis that the HLA-B and -C loci are more closely related to each other than either is to A (Klein and Figueroa 1986 ). There is evidence that the present-day A locus is a hybrid, with exons 4 and 5 having been donated by an E-like gene some 20 Mya ( Hughes and Nei 1989a) . In this tree, however, A clusters with other classical genes rather than with E and JTWIS, presumably because the number of nucleotides in exons 2 and 3, which are more closely related to B and C than to E, is greater than the number of nucleotides in exon 4, which is more closely related to E than to B and C.
In all cases, known pseudogenes are no more greatly diverged from classical genes than are nonclassical genes. The mouse pseudogene T2A" is less divergent than Mb1 In a study of the gene regulation of class I MHC genes in the mouse, Korber et al. ( 1988 ) identified three short nucleotide sequences located 5 ' to the transcription initiation site of the H-2Dd gene which are believed to be important in regulating gene expression. Two are sites which bind the mammalian transcription factor AP-1 (Lee et al. 1987 ); these are designated bind A/AP-1 and bind B/AP-1. The former is located at nucleotide positions -205 to -188 (relative to the initiation of transcription), and the latter is located at -108 to -90. A site denoted the interferon response sequence (IRS), which plays a role in response to interferons, is located between -157 and -140. Interferons are powerful inducers of expression of class I MHC molecules and of the associated B2-microglobulin molecule (Korber et al. 1987 ). These three sites are also known to bind murine nuclear factors (Korber et al. 1988 ). Just 5' to the IRS site is a 23-bp sequence identified as an enhancer of transcription of mouse classical class I genes ). It has been shown that full expression of classical class I genes in response to interferons is dependent on the presence of this sequence, which is called Enhancer A. The homologous sequence from the nonclassical
QlO
gene is approximately one-eighth to one-quarter less responsive to interferons than are Enhancer A sequences from classical genes ).
Sequences homologous to these four regulatory elements are readily identified in all mouse classical class I genes and nonclassical Qa region genes for which the sequence of the 5 '-untranslated ( 5 ' UT) region is available. We compared these sequences within and between mouse classical class I genes and Qa genes in order to obtain evidence regarding the evolution of nonclassical class I genes. Hughes and Nei ( 1988) previously showed that in the ARS of classical class I genes the rate of nonsynonymous nucleotide substitution is two to three times as high as that of synonymous substitution, apparently because of positive Darwinian (overdominant) selection favoring amino acid substitution. To examine whether similar positive selection is still operating in the ARS of nonclassical genes, we computed the rate of synonymous substitution per synonymous site (ds) and the rate of substitution per nonsynonymous site ( dN) in pairwise comparisons among nonclassical genes by using Nei and Gojobori's ( 1986) method I. In tables 3 and 4 we present means of ds and dN for various sets of comparisons; the SEs of these means were computed by the method of Nei and Jin ( 1989) .
In the case of nonclassical loci, the pattern of nucleotide substitution differs in a number of ways from that seen in classical loci. In the case of the Qa genes of the mouse, the pattern of nucleotide substitution seen in comparisons between classical genes and Qa genes and in comparisons among Qa genes from the four different loci in our sample is reminiscent of that seen in comparisons among classical genes (table   3) . In all these cases, dN exceeds ds by a ratio of -1.5: 1 in the ARS. However, when we look at the two allelic sequences available for the Q7 locus, we see no evidence of positive selection on the ARS, though the number of nucleotide substitutions observed is small.
In the case of the Qa loci, which have evolved from classical loci relatively recently Evolution of Class I MHC Genes 569 -N = number of codons compared. In ARS, N = 54 for T2A", 56 for Mbl, and 57 for other genes; in the remainder of exons 2 and 3, N = 122 for Tla", 123 for T2Ab, 124 for the classical allele Ld, and 125 for all other genes.
vs. 37d(l).
Mbl: vs. 37d(l).
Comparisons among classical genes are from Hughes and Nei ( 1988) . Superscript asterisks denote that the difference between ds and dN is significant at the following levels: * P =s 0.05. ** P< 0.01. *** P < 0.001.
( fig. 2) ) values of dN in excess of ds in the ARS can still be seen in the comparison among these genes and in the comparison between them and classical genes. However, when we consider nonclassical genes and pseudogenes which-are more distantly related to classical genes, dN and ds tend to be approximately the same. In comparisons between mouse classical genes and Tla, T2A ', Mbl, and 37d, mean ds exceeds mean dN in the ARS. The same pattern is seen in comparisons among Tla, T2A ', Mb1 , and 3 7d (table 3) . Nonetheless, even in comparisons involving these very distantly related genes, dN is higher in the ARS than in other gene regions, suggesting that these genes also may have arisen from classical genes which were once subject to positive selection. Again there is no evidence of positive selection at the present time; in the comparison among the closely related Tla genes, ds actually is significantly higher than dN in the ARS (table 3) .
In the case of human genes, nonclassical genes and pseudogenes can again be divided into those which have evolved recently from classical genes and still show evidence of past positive selection and those which evolved in the more distant past (table 4) . In the case of the more distantly related E and 6.0 genes, dN and ds do not differ significantly; the same is true of the available swine and rabbit genes (table 4) . Again, there is no evidence that nonclassical genes are currently subject to positive Darwinian selection.
In the ARS and other regions of the two HLA-E alleles, ds and dN do not differ significantly, and the number of rate of substitution is very low in comparison with that for alleles at classical loci (table 4) . Overall, the pattern of nucleotide substitution in nonclassical genes and pseudogenes is very similar. The factor that determines the dN/ds ratio in the ARS seems to be the time since divergence of a nonclassical gene or pseudogene from classical genes rather than whether it encodes a protein that is translated.
In comparisons among nonclassical genes and pseudogenes, ds values tend to be considerably higher in the ARS and in the remainder of exons 2 and 3 than they are in exon 4 in all species (tables 3, 4). This trend is associated with a trend in G+C content, particularly at the third codon position, which is seen in nonclassical class I genes and in pseudogenes for most of the species for which data are available. In almost every case, as genes become nonclassical (or pseudogenes), the third-position G+C contents in the ARS and in the remainder of exons 2 and 3 tends to be reduced in comparison with that in classical genes; the reduction in G+C content is greatest 
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Classical (2) . in genes (such as Mb1 in the mouse or PD6 in the pig) that are highly divergent from classical genes (table 5) . In exon 4, there may be some reduction of G+C content relative to that in classical genes, but the tendency is not so marked as in exons 2 and 3. Biased codon usage is known to be associated with low & (Wolfe et al. 1989 )) but it is so far unknown what factors cause variations in codon usage between genes and between gene regions. It is tempting to suggest that selection is responsible for maintaining high G+C content of exons 2 and 3 in classical genes and that this selection is relaxed once the genes become nonclassical, but it is uncertain what the basis of such selection might be.
In classical class I molecules, the ARS contains many highly polymorphic amino acid residues, but there are a few which are highly conserved. Purifying selection evidently eliminates any mutation at these conserved positions. In nonfunctional pseudogenes, such conservative selection is presumably absent, and replacements may occur in these positions. is conserved in all known mammalian classical alleles. Also, there are 14 residues which are conserved in all known mouse classical alleles and there are a nonoverlapping set of 12 additional residues which are conserved in all human classical alleles. Both nonclassical genes and pseudogenes typically show amino acid replacements at these conserved ARS positions (table 6). Many of these are replacements expected to have a major effect on protein structure; examples of such nonconservative replacements at the nine positions conserved in all classical molecules include Lys for Val at position 165 in Tla" and Arg for Gln at position 72 in 37d. Except for the fact that the mouse pseudogene T2A a has a stop codon in one of these positions, there is, with respect to substitution in these positions, little difference between nonclassical genes and known pseudogenes. In fact, the number of substitutions in these positions seems to be roughly a function of the time since a gene diverged from classical genes. Thus both the mouse Qa genes and the human pseudogene ~12.4, both of which are closely related to classical genes, show relatively few replacements in comparison with more diverged genes such as Mb1 in the mouse. 
Discussion
Our results support the hypothesis that nonclassical class I MHC loci have evolved from classical loci in separate mammalian orders. Further, they suggest that, unlike classical loci, nonclassical loci are not subject to positive Darwinian selection acting on the ARS and that all nonclassical genes have amino acid replacements in the ARS positions which are conserved in classical genes. In these respects, nonclassical genes are indistinguishable from known or putative pseudogenes. Although experimental evidence is needed before a final decision can be reached regarding functionality of nonclassical class I gene products, the data presented here favor the hypothesis that nonclassical genes are largely nonfunctional and are essentially pseudogenes (Klein and Figueroa 1986; Howard 1987) . It is possible, however, that certain nonclassical genes have acquired new functions different from that of classical genes. The CD1 antigens represent a case in which duplicated class I genes have diverged greatly and assumed a new function. These genes do not map to the MHC; but they show evidence of homology to class I genes, suggesting that they arose by duplication from class I genes and have since assumed a new function as differentiation antigens (Martin et al. 1987; Bradbury et al. 1988 ). The FcRn gene in the rat, which functions in uptake of maternal immunoglobulin G by neonates, seems to have evolved by a similar process (Simister and Mostov 1989) . At the nucleotide level this gene is much more divergent from the class I MHC than are the CD1 antigen genes.
If nonclassical loci evolve from classical loci, there are a number of ways this might happen ( fig. 4) . Initially, a classical locus might duplicate, and one copy might subsequently become nonclassical.
The loss of classical function by one copy of a duplicated locus might occur shortly after duplication or after a long period during which both daughter loci functioned as classical loci. Once having become nonclassical, a locus might again be duplicated one or more times, giving rise to a family of related nonclassical loci. Over long periods of time, if nonclassical loci are largely nonfunctional, they would gradually be lost by accumulation of destructive mutations or unequal crossing-over.
This would explain why distantly related mammalian species do related species (such as human and chimnot share nonclassical loci, while closely panzee) may share nonclassical loci.
Nonclassical class I molecules typically lack three traits characteristic of classical molecules: universal expression, high polymorphism, and antigen-presenting function. In the evolution of a nonclassical locus, all three of these traits are not likely to be lost simultaneously.
It is therefore expected that nonclassical loci will occasionally retain one or more of the characteristics of classical loci. For example, the RT1.C locus in the rat appears to be a formerly classical locus which has lost universal expression prior to losing the ability to present antigens. There is evidence of polymorphism at this locus, yet some alleles are known to have a very limited tissue distribution (Butcher and Howard 1986) . (Polymorphism may also arise owing to neutral mutations without positive Darwinian selection.) At least one allele, RT1.Cd, retains the ability to present antigen to T-cells, even though it is poorly expressed (Stephenson et al. 1985; Howard 1987) .
The number of classical class I genes is one to three in all mammalian species studied so far. Humans and chimpanzees each have three classical loci. In the mouse, most known haplotypes have only two classical loci, whereas some (such as H-2d) have three. In the miniature swine there are two classical loci ), whereas in the rat (Howard 1987) and in some rabbit strains (Tykocinski et al. 1984 ) there is apparently only one fully classical class I locus. The fact that the numbers of classical loci are limited may appear somewhat paradoxical in light of the usual arguments regarding the mechanism of overdominant selection on the MHC. It has been argued that, at a given classical class I locus, a heterozygote will have an advantage over either homozygote because it produces two different antigens that can bind and present to T-cells different classes of foreign peptides ( Doherty and Zinkernagel 1975; Hughes and Nei 1988) . If so, it would seem that an individual expressing a large number of MHC loci would have an advantage over one expressing only a few. In practice, however, there is natural selection that acts to limit the number of expressed MHC loci, because, for each self-MHC antigen that exists, a certain proportion of the T-cell repertoire must be eliminated as self-reactive. If the proportion of the T-cell repertoire that is eliminated becomes very large, this would impose a prohibitive burden on the organism (Howard 1987; Hughes and Nei 1989b) .
The high rates of nucleotide substitution in regulatory elements of Qa-region genes (table 2) are consistent with the hypothesis that selection limits the number of classical class I genes. Note that under this hypothesis, if a classical locus is duplicated, the chromosome bearing the duplication would initially be under no disadvantage, because the duplicated loci would be identical. Only if mutation produced one or more amino acid replacements in positions responsible for T-cell recognition would there be a disadvantage.
In the meantime, mutations would also occur in regulatory elements reducing expression of one copy of the duplicated loci. Genes in which such mutations had occurred would then escape purifying selection, because the genes are no longer expressed. This explains the retention of a large number of nonclassical genes in the genome.
One difference between class I and class II MHC genes is that in the latter each locus in a given mammalian species has an orthologue (homologue) in other species, an orthologue to which it is more closely related than it is to other loci of its own species. Thus, DQ in humans is orthologous to A in the mouse. That is, DQ sequences are more similar to A sequences than they are to human DR sequences (Klein and Figueroa 1986; Hughes and Nei 1989b) . Except with closely related species such as the human and chimpanzee (Mayer et al. 1988 )) this is not true of class I genes. There are no orthologous relationships, for example, between HLA-A, -B, and -C in humans Evolution of Class I MHC Genes 575
and H-2K, -D, and -L in the mouse. Furthermore, in the mouse it has been observed that alleles at a particular classical class I locus are not necessarily more closely related to each other than to alleles at other loci (Mellor 1987 ) . Such observations have been taken as evidence that gene conversion acts to homogenize classical class I loci within a species ( Mellor 1987) . Relatively rare events of gene conversion cannot be ruled out, but there is by now substantial evidence against its widespread occurrence (Hughes and Nei 1988) . In humans, the classical A, B, and Cloci form separate clusters, clearly suggesting that no conversion occurs among them ( fig. 1 ; Lawlor et al. 1988; Hughes and Nei 1989a) . Even if some homogenization occurs among classical class I genes in the mouse, it certainly does not involve such highly divergent nonclassical genes as the Tla genes and Mb1 .
On the view presented here, the composition of the class I MHC is not stable over evolutionary time. If a classical locus duplicates, both daughter loci may, as a result of a chance mutation, continue as classical loci, each binding a somewhat different class of foreign peptides. In some instances, however, one daughter locus may become nonclassical as a result of a mutation reducing its expression. Retention of more than approximately three classical class I loci seems to be disadvantageous, and one to three loci are maintained by a balance between the gain by duplication and the loss due to mutation or unequal crossing-over. It is as yet uncertain why the class I MHC should have this dynamic property, whereas the class II MHC is much more stable in composition over time. In the class II MHC, a-and P-chain genes are arranged in alternating fashion on the chromosome, and the mature glycoprotein is a heterodimer consisting of noncovalently linked a and p chains. Perhaps the need for synchronous transcription of linked a-and P-chain genes gives rise to selection against duplication of class II loci in most cases, whereas this constraint is absent in the case of class I.
